The production of hyperglycemia-induced mitochondrial reactive oxygen species (mtROS) is a key event in the development of diabetic complications. Because resveratrol, a naturally occurring polyphenol, has been reported to confer vasoprotection, improving endothelial function and preventing complications of diabetes, we investigated the effect of resveratrol on mtROS production in cultured human coronary arterial endothelial cells (CAECs). The measurement of MitoSox fluorescence showed that resveratrol attenuates both steady-state and high glucose (30 mM)-induced mtROS production in CAECs, an effect that was prevented by the knockdown of the protein deacetylase silent information regulator 2/sirtuin 1 (SIRT1), an intracellular target of resveratrol. An overexpression of SIRT1 mimicked the effects of resveratrol, attenuating mtROS production. Similar results were obtained in CAECs transfected with mitochondria-targeted H 2O2-sensitive HyPer-Mito fluorescent sensor. Amplex red assay showed that resveratrol and SIRT1 overexpression significantly reduced cellular H 2O2 levels as well. Resveratrol upregulated MnSOD expression and increased cellular GSH content in a concentration-dependent manner (measured by HPLC coulometric analysis). These effects were attenuated by SIRT1 knockdown and mimicked by SIRT1 overexpression. We propose that resveratrol, via a pathway that involves the activation of SIRT1 and the upregulation of antioxidant defense mechanisms, attenuates mtROS production, suggesting the potential for new treatment approaches targeting endothelial mitochondria in metabolic diseases.
ENDOTHELIAL MITOCHONDRIA have a crucial role in vascular pathophysiology (1, 16, 27, 39) . Mitochondrial oxidative stress is frequently observed in diabetes and the metabolic syndrome and is thus likely to contribute to cellular energetic imbalance, activation of inflammatory processes, and endothelial dysfunction in these pathological conditions (19) . Since increased mitochondrial production of reactive oxygen species (ROS) appears to be a key event in the development of vascular pathologies both in diabetes and aging (10, 46, 47) , an identification of the mechanisms that regulate mitochondrial ROS (mtROS) generation in the endothelial cells may contribute to the development of improved pharmacological approaches to promote vascular health both in patients with diabetes and the elderly.
Resveratrol (3,5,4Ј-trihydroxystilbene) is a naturally occurring polyphenol found in more than 70 species of plants, including grapevines (Vitis vinifera). Since the original observation that resveratrol prolongs the life span in lower organisms, mimicking the antiaging effects of caloric restriction (49) , it became the prototype of a new class of drugs termed caloric restriction mimetics, which are being developed to delay/reverse organ pathologies associated with aging and metabolic diseases (3) . Resveratrol was recently shown to extend the life span (2) and to confer vasoprotection in animal models of diabetes mellitus, improving endothelial function and attenuating vascular inflammation (35, 40, 42, 43, 50) . Similar protective effects of resveratrol treatment were observed in aged mice (35, 47) . Moreover, the consumption of Mediterranean-style diets, which are rich in resveratrol, are associated with a reduced risk of cardiovascular mortality in humans (17, 23) . As noted at the outset, both diabetes and aging are characterized by increased mtROS production, yet the effects of resveratrol on mitochondria in the endothelial cells remain incompletely understood.
The present study was conducted to determine whether resveratrol attenuates steady-state mtROS production in primary human coronary arterial endothelial cells (CAECs). The effects of resveratrol treatment on high glucose-induced mitochondrial oxidative stress were also assessed. Since resveratrol activates the NAD ϩ -dependent protein deacetylase silent information regulator 2/sirtuin 1 (SIRT1) (21, 25) and SIRT1 regulates numerous proteins [including peroxisome proliferator-activated receptor coactivator-1␣ (PGC-1␣)] implicated in the regulation of cellular energetics and mitochondrial function in various cell types (5, 18, 25, 30, 33, 41) , this study focused on the mechanistic role of SIRT1 in mediating the mitochondrial protective effects of resveratrol in endothelial cells.
METHODS
Cell cultures, SIRT1 knockdown, and SIRT1 overexpression. Primary human CAECs (purchased from Cell Applications) in culture were treated with resveratrol (purchased from Sigma-Aldrich) as described (15, 44) . To disrupt SIRT1 signaling, the downregulation of SIRT1 was achieved by RNA interference using proprietary smallinterfering RNA (siRNA) sequences (Superarray) and the electroporation-bases Amaxa Nucleofector technology (Amaxa, Gaithersburg, MD), as we have previously reported (9) . Cell density at transfection was 30%. Experiments were performed on day 2 after the transfection, when gene silencing was optimal. Specific gene silencing was verified with Western blot analysis as described (9) . SIRT1 overexpression was achieved in CAECs by transfection with a SIRT1 full-length cDNA encoding plasmid (Stratagen) as described (13) .
Measurement of resveratrol-induced changes in mtROS production in CAECs. The effect of resveratrol on steady-state mitochondrial O 2 Ϫ production in endothelial cells was assessed by flow cytometry (FAScalibur; BD Bioscience, San Jose, CA) using MitoSox red (Invitrogen, Carlsbad, CA), a mitochondrion-specific hydroethidine-derivative fluorescent dye, as previously reported (11, 31, 32) . Cell debris (low forward and side scatter), dead cells (Sytox green and annexin V positive), and apoptotic cells (annexin V positive) were gated out for analysis (31, 32) . The data are presented as fold changes in the mean intensity of MitoSox fluorescence when compared with the respective controls. Also, CAECs were treated with high glucose (30 mM for 24 h) to assess the protective effect of resveratrol on mtROS production. In separate experiments, cellular H 2O2 production was measured fluorometrically in CAECs using the Amplex red/horseradish peroxidase assay as described (14) . The H2O2 generation rate was compared by measuring the time course of the buildup of resorufin fluorescence for 60 min by a Tecan Infinite M200 plate reader. In other experiments, cytoplasmic peroxide levels were measured fluorometrically using the 5(and 6)-chloromethyl-2Ј,7Ј-dichlorodihydrofluorescein diacetate acetyl ester (C-H2DCFDA) fluorescence assay, as reported (11, 14) . Controls included measurements of cellular autofluorescence, time course measurements of dye-only controls, and polyethylene glycol-catalase controls. Calibration curves were generated with exogenous additions of H2O2. The effects of SIRT1 overexpression and SIRT1 knockdown on mtROS production were also determined using both the MitoSox, Amplex red, and C-H2DCFDA assays.
In further experiments, to detect increases in mitochondrial H2O2 generation at the single cell level, CAECs were transfected with mitochondria-targeted HyPer-Mito (Evrogen, www.evrogen.com), which is a fully genetically encoded fluorescent sensor capable for highly specific detection of mitochondrial H2O2 (4). This probe consists of circularly permuted yellow fluorescent protein inserted into the regulatory domain of the prokaryotic H2O2-sensing protein, OxyR (4). The cells were pretreated with resveratrol (10 mol/l, for 24 h) or vehicle and then exposed to high glucose (30 mmol/l). The green fluorescent signal was observed by fluorescent microscopy. For quantitative purposes, the HyPer-Mito signal in transfected CAECs grown in 96 well plates was assessed using a Tecan Infinite M200 plate reader. Hoechst 33258 fluorescence, representing DNA content/ cell mass, was used for normalization as described (11) .
SIRT1 activity assay. Nuclear SIRT1 activity was measured in cells treated with resveratrol. In brief, cells were suspended in lysis buffer [containing 10 mM Tris ⅐ HCl (pH 7.5), 10 mM NaCl, 15 mM MgCl2, 250 mM sucrose, 0.5% Nonidet P-40, and 0.1 mM EGTA], vortexed for 10 s, followed by incubation for 15 min on ice. The cells were spun through 4 ml of sucrose cushion [consisting of 30% sucrose, 10 mM Tris ⅐ HCl (pH 7.5), 10 mM NaCl, and 3 mM MgCl2] at 1,300 g for 10 min at 4°C. The nuclear pellet was washed once with cold 10 mM Tris ⅐ HCl (pH 7.5) and 10 mM NaCl. The isolated nuclei were suspended in 50 l of extraction buffer [containing 50 mM HEPES-KOH (pH 7.50), 420 mM NaCl, 0.5 mM EDTA Na2, 0.1 mM EGTA, and 10% glycerol], sonicated for 30 s, and incubated on ice for 30 min, followed by centrifugation (15,000 rpm for 10 min). The nuclear extract was collected and the protein concentration was determined by the Bradford method. SIRT1 was immunoprecipitated from the samples using a rabbit polyclonal antibody directed against the COOHterminus of SIRT1 (Abcam No. ab28170). SIRT1 activity in the samples was measured using the Cyclex SIRT1 Deacetylase Fluorimetric Assay kit according to the manufacturer's protocol (CycLex, Nagano, Japan). In brief, this assay is based on the principle that upon NAD-dependent deacetylation of the specific substrate by SIRT1 (in the presence of trichostatin A, a potent inhibitor of SIRT1-independent histone deacetylases), the fluorosubstrate peptide is cleaved by a lysyl endopeptidase, separating the quencher from the fluorophore. Specific activity of SIRT1 was assessed by measuring time-dependent changes in fluorescence intensity, normalized to protein concentration. Standard assay controls included the use of a fluoro-deacetylated peptide (to control for lysyl endopeptidase activity), no enzyme control, no NAD ϩ control, and no inhibitor control. We also assessed resveratrol-induced increases in the specific activity of recombinant SIRT1 in the presence and absence of the specific SIRT1 inhibitor, sirtinol (10 Ϫ4 mol/l).
Measurement of resveratrol-induced changes in MnSOD expression in CAECs.
To determine the effects of resveratrol on the expression of MnSOD protein in CAECs, Western blot analysis was performed as described using a primary antibody directed against MnSOD (11, 14) . The impact of SIRT1 siRNA and SIRT1 overexpression on the effects of resveratrol was also determined. Anti-␤-actin (No. 6276, Abcam) was used for normalization purposes.
Determination of glutathione levels in CAECs using HPLC electrochemical detection. Concentrations of redox-active GSH were measured in homogenates of CAECs pretreated with resveratrol (10
Ϫ5 mol/l, for 24 h) using a Perkin-Elmer HPLC equipped with an eight-channel coulometric array detector (ESA, Chelmsford, MA) as described (6) . In brief, 10-mg aliquots of the samples were washed with ice-cold PBS and homogenized in 5% (wt/vol) metaphosphoric acid. Samples were centrifuged at 10,000 g for 10 min to sediment protein, and the supernatant fraction was saved for the analysis of redox sensitive compounds. Precipitated proteins were dissolved in 0.1 N NaOH and saved for protein determinations by a spectrophotometric quantitation method using BCA reagent (Pierce Chemical, Rockford, IL). Concentrations of GSH in saved supernatant fractions were determined by injecting aliquots onto an Ultrasphere 5 u, 4.6 ϫ 250 mm, C18 column and eluting with mobile phase of 50 mM NaH 2PO4, 0.05 mM octane sulfonic acid, and 1.5% acetonitrile (pH 2.62) at a flow rate of 1 ml/min. The eight-channel CoulArray detectors were set at 200, 350, 400, 450, 500, 550, 600, and 700 mV, respectively. Peak areas were analyzed using ESA software, and concentrations of GSH are reported (as nmol/mg protein).
Data analysis. Data were normalized to the respective control mean values and are expressed as means Ϯ SE. Statistical analyses of data were performed by Student's t-test or by two-way ANOVA followed by the Tukey post hoc test, as appropriate. P Ͻ 0.05 was considered statistically significant. mol/l). The analysis of flow cytometry data showed that resveratrol significantly attenuated basal MitoSox fluorescence in CAECs (Fig. 1A) . In CAECs, the treatment with resveratrol significantly increased the specific activity of SIRT1 (by ϳ50%). Resveratrol (from 10 Ϫ6 to 10 Ϫ5 mol/l) also significantly increased the activity of recombinant SIRT1, which could be prevented by sirtinol (not shown), extending our recent findings (12) . We found that SIRT1 overexpression effectively attenuated both mtROS production (Fig. 1A) and decreased cellular peroxide levels, as shown by a decreased resorufin fluorescence (fold change: control, 100 Ϯ 2%; and SIRT1 overexpression, 87 Ϯ 1%) and C-H 2 DCFDA fluorescence (not shown). Endothelial SIRT1 expression was effectively downregulated by siRNA (by ϳ90%), which prevented a resveratrol-induced attenuation of mtROS production (Fig. 1B) . To test the protective effect of resveratrol against metabolic stress-induced mitochondrial oxidative stress, CAECs were treated with high glucose. The analysis of flow cytometry data showed that high glucose significantly increased mitochondrial O 2 Ϫ production, whereas mannitol was without effect (Fig. 2A) . Resveratrol treatment, in a concentration-dependent manner, attenuated high glucoseinduced mitochondrial oxidative stress (Fig. 2A) .
RESULTS

Resveratrol decreases mtROS production in
For the specific detection of intramitochondrial H 2 O 2 , CAECs were transfected with HyPer-Mito, a genetically encoded fluorescent sensor. The transfection efficiency was ϳ80%. Fluorescent microscopy showed the perinuclear localization (Fig. 2B) of the HyPer-Mito fluorescence. High-glucose treatment resulted in a significant increase in the green fluorescent HyPer-Mito signal, which was prevented by resveratrol (10 mol/l) treatment (Fig. 2C) . We found that in CAECs resveratrol also significantly attenuated high glucose-induced cellular H 2 O 2 production as shown by a decreased resorufin fluorescence (Fig. 2D ). In CAECs, in which SIRT1 was knocked down by siRNA, resveratrol failed to significantly attenuate high glucose-induced increases in both mitochondrial ( 
Resveratrol upregulates MnSOD and increases GSH levels in cultured endothelial cells: role of SIRT1.
Western blot analysis showed that in CAECs, resveratrol elicited significant increases in the expression of MnSOD (Fig. 3A) . A knockdown of SIRT1 prevented the resveratrol-induced induction of MnSOD (Fig. 3A) , whereas an overexpression of SIRT1 significantly potentiated the effect of resveratrol on cellular MnSOD expression (Fig. 3A) . HPLC coulometric analysis revealed that resveratrol elicited concentration-dependent increases in GSH content in CAECs (Fig. 3B) . A knockdown of SIRT1 significantly attenuated resveratrol-induced increases in cellular GSH levels (Fig. 3C) . By contrast, an overexpression of SIRT1 elicited significant increases in cellular GSH content (Fig. 3C) .
DISCUSSION
Pathways that regulate mitochondrial function and ROS production have recently emerged as potential therapeutic targets for the amelioration of endothelial dysfunction and prevention of vascular disease in diabetes and other pathological conditions (39) . Our studies show that resveratrol attenuates mitochondrial oxidative stress in CAECs. A reduction of mtROS production is associated with the activation of SIRT1 and the induction of mitochondrial antioxidant systems.
Resveratrol is a promising new therapeutic approach for preventing cardiovascular diseases in type 2 diabetes and aging (3, 35) . Previous studies focused on the direct effects of resveratrol on proinflammatory pathways and antioxidant defense mechanisms in endothelial cells (13, 15, 44) but provided little information on its effects on endothelial mitochondria. Our data support the finding that resveratrol significantly attenuates steady-state levels of mitochondrial O 2 Ϫ production in CAECs (Fig. 1A) .
To test whether resveratrol treatment can also prevent mitochondrial oxidative stress induced by metabolic stress, we exposed endothelial cells to high glucose to mimic diabetic conditions. In CAECs, high glucose in vitro is known to elicit substantial increases in mitochondrial O 2 Ϫ generation (32, 34, 36) . We found that resveratrol attenuates high glucose-induced mitochondrial oxidative stress in the endothelial cells (Fig. 2,  A-C) , suggesting that it effectively increases cellular metabolic stress resistance. The concentrations of resveratrol required to reduce mtROS generation are achievable in the plasma in vivo when resveratrol is used as a dietary supplement (3), suggesting that the attenuation of mitochondrial oxidative stress may contribute to the vasoprotective effects of resveratrol treatment under pathophysiological conditions (35) . We recently demonstrated that in mice with type 2 diabetes, resveratrol treatment effectively attenuated oxidative stress in the aorta, protecting endothelial function (35) . Mitochondria-derived O 2 Ϫ is membrane impermeable (except in the protonated perhydroxyl radical form, which represents only a small fraction of total O 2 Ϫ produced), whereas H 2 O 2 easily penetrates the mitochondrial membranes. As shown in Fig. 2D , resveratrol prevents high glucose-induced increases in resorufin fluorescence in the Amplex red assay, suggesting that decreased mtROS production also results in lower cytoplasmic H 2 O 2 levels in resveratroltreated cells.
There are multiple mechanisms by which resveratrol-induced reduction of mitochondrial oxidative stress may promote vascular health. Mitochondrion-derived ROS have important signaling functions, such as the activation of NF-B-dependent inflammatory pathways in aging (47) and metabolic diseases. Thus resveratrol-induced attenuation of mitochondrial oxidative stress is likely to confer anti-inflammatory effects. Indeed, we have found that resveratrol treatment significantly decreases NF-B-dependent gene expression in aortas of aged mice and mice with type 2 diabetes (35) . Resveratrol also inhibits NF-B-driven gene expression in vessels of aged rats (47) . Furthermore, resveratrol effectively inhibits high glucoseinduced NF-B activation and inflammatory gene expression in cultured endothelial cells (A. Csiszar and Z. Ungvari, unpublished observation). Recent studies also suggest that a link exists between mitochondrial oxidative stress, mtDNA depletion, and development of pathological vascular phenotypes in diabetes (37) . Increased ROS levels in the mitochondria are known to inactivate critical enzymes involved in mitochondrial metabolism (e.g., ␣-ketoglutarate dehydrogenase and aconitase). Dysfunctional mitochondria may diminish ATP production, thereby impairing the synthesis and secretion of endothelium-derived factors that serve as paracrine signals in the vascular wall and affecting the transport functions of the vascular endothelium. A Resveratrol-induced attenuation of mitochondrial oxidative stress would correct these impairments.
The NAD ϩ -dependent protein deacetylase SIRT1 plays a critical role in resveratrol-induced effects in endothelial cells. Accordingly, resveratrol, similar to that observed in other cell types (21, 25) , induces SIRT1 in endothelial cells (13) . Resveratrol also lowers the K m of SIRT1 for the acetylated substrate and for NAD ϩ (21) . A knockdown of SIRT1 prevents a resveratrol-induced reduction in mtROS production (Fig. 1B) and cellular H 2 O 2 levels (Fig. 2D ). An overexpression of SIRT1 also attenuates mtROS generation (Fig. 1A) and cellular H 2 O 2 levels in CAECs, mimicking the effects of resveratrol. These findings are in accord with previous studies that showed that resveratrol and SIRT1 regulate mitochondrial function in skeletal muscle and liver (18, 25) . SIRT1 likely regulates multiple pathways involved in mtROS generation in the endothelial cells, among which the upregulation of mitochondrial antioxidant systems appear to play a key role. Accordingly, resveratrol and SIRT1 overexpression increases MnSOD expression in CAECs (Fig. 3A) . We attribute the resveratrolinduced reduction of mitochondrial O 2 Ϫ levels, at least in part, to this effect. Furthermore, resveratrol also significantly increases cellular GSH levels (Fig. 3B ). In addition, resveratrol was previously shown to upregulate glutathione peroxidase and catalase in the endothelial cells (44) . GSH, glutathione peroxidase, and catalase are important components in the cellular antioxidant system involved in the detoxification of H 2 O 2 , which play an important role in oxidative stress resistance in the mitochondria. Because increased MnSOD per se would increase mitochondrial H 2 O 2 release, we attribute the reduction of H 2 O 2 levels in resveratrol-treated cells to the upregulation of the aforementioned H 2 O 2 detoxification systems. The effects of resveratrol on MnSOD and GSH are prevented by knockdown of SIRT1 (Fig. 3, A and B) and mimicked/potentiated by SIRT1 overexpression (Fig. 3, A and C) , suggesting that SIRT1 activation plays a key role in inducing mitochondrial antioxidant defense mechanisms in endothelial cells. In addition, resveratrol, via a SIRT1-dependent pathway, increases mitochondrial content in the vascular endothelium (12) as well as in the liver and skeletal muscle (2, 25) . Mitochondrial proliferation reduces the flow of electrons per unit mitochondria, thus resveratrol-induced mitochondrial biogenesis may also contribute to the reduction of mitochondrial oxidative stress in endothelial cells.
The mitochondrial theory of aging, originally proposed by Harman in the early 1970s (20) , postulates that mitochondrial oxidative stress and consequential free radical reactions underlie aging. According to this theory, an increased production of ROS results in a variety of macromolecular oxidative modifications with age and the accumulation of such oxidative damage of proteins, lipids, and DNA is the primary causal factor in the aging process. There is clear evidence that aging in mammals is associated with mitochondrial oxidative stress in virtually every tissue studied, including blood vessels (8, 22, 28, 29, 38, 46 -48) . Moreover, recent studies suggest that longevity is associated with increased vascular resistance to high glucose-induced mitochondrial oxidative stress (24) . Thus the protection of mitochondria as mediated through exposure to resveratrol is likely to contribute to its antiaging action (2, 41) . These theories are converging with those involving caloric restriction in that in most organisms, the extension of life span and cardiovascular protection can be achieved through feeding calorie-restricted diets (45) , which also induce SIRT1 (7) and attenuate mtROS production (26) .
In conclusion, resveratrol reduces mtROS production in endothelial cells via the activation of SIRT1. We propose that SIRT1 increases mitochondrial antioxidant capacity, via the upregulation of MnSOD and other antioxidant systems that attenuate mitochondrial oxidative stress. Our findings suggest the potential for use of caloric restriction mimetics to target endothelial mitochondria in metabolic diseases.
